Hearing loss (HL) is one of the most common neurological disorders (NIDCD, 2017) , with roughly one-third of cases at least partially attributable to noise exposure (NIDCD, 2008) . The prevalence of noise-induced hearing loss (NIHL) is reported to be ~12.5% in children between 6-19 years old (Niskar et al., 2001) ; and 17% in adult subjects between 20-69 (NIDCD, 2008) . It is important to point out that these reported prevalence values are based on measures of threshold elevation. According to current safety standards, noise exposure is considered unsafe only when it causes permanent threshold shift (PTS), under the assumption that noise exposures that do not result in PTS would also not result in any permanent cochlear damage (Borg et al., 1995) . In fact, "noise-induced permanent threshold shifts (NIPTS)" has long been considered the technical term for NIHL (Berger et al., 1978) . However, this assumption has been challenged by recent findings in animal models showing noise-induced cochlear synaptopathy in the absence of significant PTS (Furman et al., 2013; Kujawa and Liberman, 2009; Lin et al., 2011; Liu et al., 2012; Song et al., 2016) . In these studies, permanent damage to the synapses between inner hair cells (IHCs) and type I spiral ganglion neurons (SGNs) remained evident after the threshold shift was completely recovered. Such synaptopathy without PTS appears to impair hearing function at suprathreshold levels, and thus cannot be detected by audiometric threshold measures. Therefore, the functional consequences of the synaptopathy (both predicted and examined) have been conceptualized as noise-induced hidden hearing loss (NIHHL) (Kobel et al., 2017; Liberman and Kujawa, 2017; Lobarinas et al., 2017; Moser and Starr, 2016; Plack et al., 2016; Song, et al., 2016) . While the physiology of the cochlear ribbon synapses and noise-induced synaptopathy have been reviewed repeatedly (Kobel, et al., 2017; Liberman and Kujawa, 2017; Moser and Starr, 2016; Plack, et al., 2016; Prendergast et al., 2017) , several issues remain either controversial or unaddressed. This review will provide new insights on those issues after a summary of the anatomical and functional features of the ribbon synapses in the cochlea.
SPECIAL FEATURES of THE COCHLEAR RIBBON SYNAPSE
Compared with conventional synapses, ribbon synapses are characterized by the existence of the presynaptic ribbon-like structure (shaped like an rugby ball in IHCs), whereas postsynaptic structures and molecular compositions are largely similar. Ribbon synapses are mainly seen in retinae and inner ears. In the cochlea, this special presynaptic structure is credited for fast responses to quickly changing signals and persistent responses to long-lasting stimuli. It is also the likely reason for the high sensitivity of the ribbon synapse to noise-induced damage.
Mechanisms underlying this noise-induced synaptic damage should thus be linked to the special protein composition of the synapse.
Some proteins are shared by both conventional synapses and ribbon synapses, but may have different functions in each. For example, Bassoon and Piccolo are the two largest synaptic proteins (> 400 kDa) that exist in both conventional and ribbon synapses. Both make up the scaffold of ribbons in the ribbon synapses (Buran et al., 2010; Jing et al., 2013) , but are not colocalized in ribbon synapses: Piccolo completely envelopes the synaptic ribbon (Dick et al., 2001 ), whereas Bassoon is restricted to the base of the ribbon (Brandstatter et al., 1999) .
Bassoon is highly homologous across different synapses, but its role in synaptic transmission is not clear [27] . This holds true even in conventional synapses (Mukherjee et al., 2010) , although
Bassoon disruption appears to slow down vesicle reloading (Hallermann et al., 2010; Mendoza Schulz et al., 2014) . Both proteins have roles in the assembly of the active zone (Gundelfinger et al., 2015; Leal-Ortiz et al., 2008; Waites et al., 2013) and in the modulation of gene expression related to synaptic plasticity (review by (Ivanova et al., 2016) ). In ribbon synapses, Bassoon anchors the ribbon to the active zone (AZ) Rutherford and Pangrsic, 2012; Uthaiah and Hudspeth, 2010) . Mice with Bassoon knocked-out have no ribbons in their IHC-SGN synapses (Buran, et al., 2010; Jing, et al., 2013) . Instead of Piccolo, a shorter variant, called Piccolino, exists in ribbon synapses (Regus-Leidig et al., 2013) . Down-regulation of Piccolino results in morphological changes to ribbons and a lack of dynamic assembly of synaptic ribbons in the retina of mice (Fuchs et al., 2014; Regus-Leidig et al., 2014) . However, no associated functional changes have been identified in this animal model. Therefore, the function of Piccolino in transmission remains unclear.
Ribbons in both retina and inner ear are formed by multiunits of Ribeye proteins, which consist of two domains: the A-domain, which forms the backbone of the ribbon and is located inside, and the B-domain, which points to the cytoplasmic face of the ribbon . The aminoterminal A-domain is specific to the ribbon and is not homologous with other proteins in public databases, whereas the carboxyterminal B-domain is largely identical to the nuclear co-repressor protein named C-terminal binding protein 2 (CtBP2). Both the A and B domain are encoded by a single gene named CtBP2, which expresses two proteins: the Ribeye(A+B), unique to only the ribbon synapses, and the CtBP2, common to the ribbon synapse and to cell nuclei tom Dieck et al., 2005; Wan L. et al., 2005; Zenisek et al., 2004) . The Ribeye protein in photoreceptor cells also contains CtBP1 (Valente et al., 2005) , which has not been verified in IHC ribbons. The scaffolds of synaptic ribbons are built-up from multiple Ribeye units ] i , then reassembled in the dark (Adly et al., 1999; Schmitz, 2009; Spiwoks-Becker et al., 2004; Vollrath and Spiwoks-Becker, 1996) . This dynamic feature has also been reported in the laterial line sensory cells of zebrafish (Chen Z. et al., 2017 The fast response is critical for the auditory system, which has much higher temporal resolution than the visual system. There is a consensus that the synaptic ribbon is critical for this high temporal resolution (Jean et al., 2018) . The IHC-SGN synapse is the first speed limiting site for signal conduction in the auditory ascending pathway. It is not clear exactly how synaptic ribbons in IHCs support fast temporal response properties, although their role in this has been demonstrated by a deterioration of temporal resolution in Bassoon knocked-out mice with ribbon loss (Buran, et al., 2010; Jing, et al., 2013) . The synaptic ribbon facilitates synaptic transmission in multiple ways: (1) It tethers neurotransmitter vesicles in ready-to-release pools (RRP); (2) it clusters a larger number of Ca 2+ channels; and (3) it promotes continuous vesicle replenishment by facilitating priming and fusion-as well as endocytosis in neurotransmitter recycling (Moser and Vogl, 2016) .
Several proteins required for the normal operation of conventional synapses are missing in IHCs, including synaptotagmins 1 and 2 (Beurg et al., 2010; Reisinger et al., 2011) , synapsins, synaptophysins, synaptogyrin complexins (Strenzke et al., 2009; Uthaiah and Hudspeth, 2010) , neuronal SNAREs , as well as the priming factors for the Munc13 and CAPS families (Vogl et al., 2015) . Knockout/knockdown of those proteins does not impact neural transmission across ribbon synapses in the cochlea (Moser and Starr, 2016; Vogl, et al., 2015) . On the other hand, otoferlin is an IHC-specific protein that plays an important role in cochlear transmission, particularly in neurotransmitter exocytosis and endocytosis. In those processes, otoferlin interacts with adaptor protein 2 (AP-2) (Duncker et al., 2013; Jung et al., 2015; Pangrsic et al., 2012) . The long-lasting response to continuous stimulation requires fast vesicle replenishment, transport of vesicles over a great distance, and recycling of released neurotransmitters by endocytosis. It is believed that the special ribbon protein composition in IHCs contributes to all of these processes (Duncker, et al., 2013; Jung, et al., 2015) .
IS NOISE-INDUCED SYNAPTIC DAMAGE REVERSIBLE?

Methodological Challenges
It is generally agreed that ribbon synapses between IHCs and SGNs are sensitive to noise damage. However, there is a debate as to whether the damaged synapses can be repaired, or the damage is permanent. This debate is largely due to the technical difficulty of identifying dynamic changes in synapses that are damaged. Here it is important to differentiate synapse damage at different degrees of severity: some noise-damaged synapses may nevertheless survive (with intact connections between the pre-and post-synaptic components), while others may be totally destroyed or disrupted. The concept of synapse repair includes (1) repair of surviving synapses and (2) re-connection of disrupted synapses (involving synapse regeneration or synaptogenesis). The debate is focused on whether (2) is actually happening.
Two major methods have been used to evaluate synapse damage/repair after noise exposure: transmission electron microscopy (TEM) and immunohistochemistry staining with confocal, both having advantages and limitations. TEM images can reveal detailed pathological changes. However, it is hard to cover all synapses around each IHC and therefore this method has not been considered to be quantitative. Moreover, published images appear to focus on synapses that are not disconnected (with existence of both pre-and post-synaptic components).
In those studies, the presynaptic ribbons and the postsynaptic density (PSD) are likely used as the markers to identify the synapses (Puel et al., 1997; Puel et al., 1998; Ruel et al., 1999) . The immunohistochemistry method used in the more recent studies provides synapse counts over the whole IHC with confocal microscopy. In this method, both presynaptic ribbons and PSD or a receptor in PSD are stained with antibodies. The paired puncta between the two stainings are considered as synapses. In this method, all the synapses at each IHC that maintain connection between the presynaptic membrane and PSD are identified. However, confocal microscopy cannot show the detail of the synaptic morphology. Therefore, we cannot see the repair process (if it occurs) even in those synspases that remain connected. Theoretically, a significant increase in the number of the paired puncta after an initial reduction suggests that more synapses are connected. However, an alternative interpretation has been proposed in which the variation in immune-reaction (and therefore the signal strength) is considered to occur as the result of up-down regulation of the synaptic protein expression (Liberman, 2017) .
Evidence For and Against Reversibility
In a pioneering study on CBA/Caj mice, no significant recovery in synapse count was seen after the initial loss of synapses caused by noise exposure that caused no PTS (Kujawa and Liberman, 2009 ). Furthermore, the irreversibility was supported by the fact that the initial synapse loss (~50%) was matched by the loss of SGNs examined two years afterwards. This match between the short-term synapse count and the long-term SGN loss made a strong case that the lost synapses were not re-established in this strain of mice. However, by using similar immunohistochemistry staining against ribbon synapses, studies from our labs have found that this synapse loss is largely reversible in guinea pigs (Liu, et al., 2012; Shi et al., 2013; Song, et al., 2016) . This reversibility has also been seen in C57 mice by other researchers Yang-Hood et al., 2018) .
Several lines of evidence support synaptic regeneration after noise-induced disruption.
The first is from TEM observations in our lab and others, mainly in guinea pigs (Puel, et al., 1997; Puel, et al., 1998; Pujol and Puel, 1999; Robertson, 1983) . In these studies, TEM images, taken shortly after the noise exposure, show synapses with extremely swollen post-synaptic terminals but near-intact presynaptic ribbon structure ( Fig. 1 ). Since the TEM images taken long after noise exposure show no such damage, it is assumed that these morphological abnormalities do not persist long after the noise exposure. Also, given that significant synaptic pathology seen at the earlier time would be equivalently detectable at the later time point (if it indeed persisted), it is reasonable to assume that the damaged but not disrupted synapses are actually repaired. Since the TEM measures focused on synapses in which pre-synaptic ribbons and post-synatic densities (PSD) still existed, it should be noted that they might have ignored synapses that were totally destroyed. There is a possibility that some of the damaged synapses with existing connection between ribbons (via presynaptic membrane) and PSDs are degenerated and therefore cannot be seen in the longer term after noise exposure. However, this is not supported by the synapse count change reported in the recent studies with immunohistochemistry staining (Kujawa and Liberman, 2009; Liu, et al., 2012; Shi, et al., 2013) . Since the synapses that are damaged but with existing ribbons and PSDs should be visible in such observations, a further reduction of synapses counts would have been seen after the initial reduction if a significant amount of such damaged synapses is degenerated.
It is agreed that the TEM measures could not evaluate all synapses around the IHC and have thus been criticized as being nonquantitative (Kujawa and Liberman, 2009 ). However, synapse regeneration has also been supported via TEM images showing morphological features seen mainly in immature synapses during early cochlear development (Ruel et al., 2007) , including (1) numerous efferent terminals that directly contact the IHC, and (2) multiple presynaptic ribbons anchored to an elongated postsynaptic PSD. Similar results have been found in our more recent study (Figure 2 ) (Song, et al., 2016) . Since the direct contact of efferent terminals with IHCs and multiple ribbons in one AZ were also seen in control cochleae (Liberman et al., 1990) , quantitative evaluations are needed to further confirm whether occurrences of such morphological features are more common after noise-induced synaptic damage.
The second line of evidence comes from synapse counts. Synaptic ribbons and postsynaptic patches of glutamate receptors (GluR) or PSDs can be stained and counted via immunohistochemistry. While immunohistochemistry allows for quantitative evaluation of synapse counts across whole IHCs, it cannot document the detailed morphology of the synapses due to its limited spatial resolution. However, paired puncta between pre-and postsynaptic staining suggests connectivity of the synapses; synapses that are totally destroyed will not be stained. Therefore, while immunohistochemistry is superior to TEM for counting the number of synapses that are morphologically intact, the method is not ideal for documenting the repair of surviving synapses. In CBA mice, synaptic counts are not recovered following an initial loss induced by noise exposure (Kujawa and Liberman, 2009 ), while our results show a large recovery in guinea pigs (Liu, et al., 2012; Shi, et al., 2013; Song, et al., 2016) . We think this may reflect a species/strain difference, with synapse regeneration following initial noiseinduced damage being more the common pattern since similar levels of recovery have been reported in C57 mice by others in a published paper and in a conference proceeding (Yang-Hood, et al., 2018) . In guinea pigs, synapse regeneration is supported by a parallel relationship in our data between synapse counts and recovery of cochlear response amplitude (tested via the compound action potential (CAP), Fig. 2B ), since CAP amplitude depends on the number of working auditory nerve fibers (ANFs). Other factors should be considered before we fully attribute the CAP amplitude increase to the recovery of the working ANF numbers. The threshold shift can also significantly impact the CAP amplitude and therefore, confounds the contribution from the number changes in working ANFs. However, our data showed that the CAP amplitude keep increased after the ABR threshold was totally recovered at 1 week after the noise exposure.
To our knowledge, only one other study has been done using guinea pigs for synapse counts (Lin, et al., 2011) . However, in this study, the synapse count was reported at only one time point (two weeks) after the noise exposure. A partial recovery of wave I amplitude has also been reported in CBA mice (Kujawa and Liberman, 2009) , however, the authors considered the recovery to be only associated with threshold recovery, not synaptic regeneration. The noise-induced synaptic loss has been reported in rats and chinchillas (Hickox et al., 2017) , as well as in rhesus monkeys (Valero et al., 2017 ) after a single brief noise exposure. However, the synapse count was also reported at only one time point after the noise in those studies. The question of whether synaptic damage and repair can account for threshold shift and recovery will be addressed in detail below.
It has been argued that the change of synapse count observed with confocal microscopy against the stained puncta of synapses might have resulted from regulation of the expression of synaptic proteins (Liberman, 2017) . If such regulation exists, it could occur in two different ways:
(1) in a change of protein quantity in each individual synapse, or (2) in a change of the number of synapses. It is obvious that only up-and down-regulation of the synaptic protein in each synapse would impact the observation using immunohistochemistry staining against synaptic puncta. The evaluation of such a possibility would be relatively easy in pre-synaptic ribbons due to the availability and the reliability of the method for immunostaining against the main protein in this structure. Each ribbon is built up with multiple ribeye proteins. It has been confirmed that ribbons break down in response to bright light and are reassembled in dark (Adly, et al., 1999; Schmitz, 2009; Schmitz and Drenckhahn, 1993; Spiwoks-Becker, et al., 2004) . However, such a mechanism has not been found in cochlear IHCs, likely because the electro-biochemical conditions required for such dynamic ribbon changes do not exist here (i.e., hyperpolarization and reduction of Ca 2+ concentration in response to stimulation in photoreceptor cells versus depolarization and increased Ca 2+ in IHCs). Moreover, we do not see a change in the signal strength in individual puncta of ribbon images that is big enough to impact the counting of the ribbons across different time points after a noise exposure.
The third line of evidence comes from the existence of an intrinsic mechanism for synaptic repair/regeneration mediated by neurotrophic factors. Brain-derived neurotrophic factor (BDNF) and neurotrophin-3 (NT-3) are the major types of neurotrophins seen in the mammalian cochleae including all the major species of rodents (Ramekers et al., 2012) . While BDNF declines to an undectable level in the adult cochlea, NT-3 is still highly expressed in the cochlea over the entire lifespan, along with the glial cell line-derived neurotrophic factor (GDNF) in different rodents including rats, mice and guinea pigs (Despres and Romand, 1994; Fritzsch et al., 1997; Green et al., 2012) . NT-3 and GDNF likely underlie natural mechanisms of synaptic repair after damage. This is supported by evidence: after noise exposure causing a significant reduction in the number of ribbon synapses, subjects that received exogeneous NT-3 via the round window membrane had higher synapse counts than subjects that were not treated in both CBA mice (Suzuki et al., 2016) and guinea pigs (Sly et al., 2016) . Similar results were reported in a study using a gene knock mouse model to produce NT-3 overexpression in the supporting cells (Wan G. et al., 2014) , and also in a study from our lab in guinea pigs, in which NT-3 overexpression was induced through gene transfection to the IHCs, mediated by an adeno-associated viral vector (Chen H. et al., 2018) .
In summary, reversibility or synaptogenesis after a synaptic loss caused by a brief noise exposure varies across different animal models. Reversibility has been supported by multiple lines of evidence in guinea pigs and C57 mice. However, this has not been confirmed in SGN counts long after the initial loss of the synapse as has been done in CBA mice. Further research is needed to confirm the reversibility or the regeneration of synapses after noise-induced loss.
SIGNAL PROCESSING DEFICITS IN NOISE-INDUCED SYNAPTOPATHY
Is the synaptic damage and repair responsible for threshold shift and recovery?
Cochlear threshold recovery after a non-PTS noise exposure co-occurs with synapse count recovery and/or repair of damaged synapses. This co-occurrence has been considered by some researchers as evidence supporting synaptic repair as the mechanism of TTS recovery (Puel, et al., 1997; Robertson, 1983; Wang H. et al., 2015) . However, this idea conflicts with our understanding of the physiological mechanisms that determine cochlear threshold. It is well recognized that noise-induced reductions in auditory sensitivity are mainly due to damage to outer hair cells (OHC) [78, 79] , which provide active gain for soft sounds (Hudspeth, 1997; Szalai et al., 2011) . Threshold recovery following TTS is associated with a full recovery of OHC function, demonstrated by a recovery of otoacoustic emissions (OAE) (Chang and Norton, 1996; Kujawa and Liberman, 2009; Subramaniam et al., 1994) and cochlear microphonics (CM) (Chen C. et al., 1995; Chen G. D. and Liu, 2005; Chen G. D. and Zhao, 2007; Wang H. et al., 2011; Wang J. et al., 1992) . In addition, the repair of stereocilia and the tectorial membrane has been considered as a potential mechanism underlying the resolution of TTS in a number of studies (Nordmann et al., 2000; Sohmer, 1997; Tsuprun et al., 2003; Wang H., et al., 2011; Wang Y. et al., 2002) . To the extent that noise-induced damage to OHCs and surrounding structures is reversible, this reversibility provides a reasonable account for the recovery of cochlear thresholds following noise exposure.
Noise-induced IHC and synapse damage and repair are less likely to be involved in threshold recovery. Each IHC is innervated by more than 10 SGNs, and noise damage tends to be selective to synapses innervating high-threshold fibers that have low spontaneous spike rates (SR) (Furman, et al., 2013; Song, et al., 2016) . Damage/repair or disruption of these synapses should not result in any change in thresholds, similar to results obtained via ouabaininduced cochlear damage at low doses (Bourien et al., 2014) . This is further supported by differences in the time courses for the recovery of ABR threshold and CAP amplitude, which are related to the total number of ANFs that are functional. In a series of experiments using guinea pigs, we found that ABR threshold shifts induced by brief noise exposures at 106 dB SPL were completely recovered a week later (Fig. 2B) , with continuing recovery of CAP amplitudes and synapse counts occurring well after that time point (Fig. 2C) . The hypothesis that moderate damage to IHCs and their synapses with SGNs may not impact thresholds is also supported by the finding that up to a 60% loss of SGNs, due to the selective IHCs death induced by carboplatin in chinchillas, does not affect cochlear thresholds (Salvi et al., 2016) .
Extant data cannot fully rule out changes in synaptic sensitivity that may occur in parallel with damage and repair of OHCs and surrounding structures. Since OHCs provide positive feedback in sound conduction, such changes in synaptic sensitivity would need to be observed by stimulation bypassing these OHC-based effects (in order to rule out the slim possibility that a temporary reduction in synaptic sensitivity is responsible for the noise-induced TTS).
Coding Deficts that Develop with Noise-induced Synaptopathy
Synaptic damage may impact ANF signal coding via multiple mechanisms. First, synaptic disruption silences SGNs that have lost their connection with IHCs. Second, surviving synapses may have functional deficits due to noise damage. Third, re-established synapses may be functionally abnormal. The consequences of losing synapses are easily testable and have been widely reported as a reduction in the amplitude of the CAP and ABR wave I (Kobel, et al., 2017; Liberman and Kujawa, 2017; Song, et al., 2016) . Contribution to coding deficits from the 2 nd and the 3 rd mechanisms must be observed at different time points after noise exposure and with single unit recordings. So far, only one study from our lab has examined ANF coding deficits in this way (Song, et al., 2016) . In this study, we demonstrated several aspects of neural response changes related to intensity and temporal coding (including a reduction of driven spike rate, elongated peak latency, slower recovery from forward masking etc.) in guinea pigs recorded at different time points following a noise exposure. Importantly, many aspects of the coding deficits were not seen immediately following the noise exposure but developed gradually in association with the recovery of synapse counts. This suggests that the reestablished or repaired synapses are unhealthy . It is not clear why repaired synapses do not function normally. Morphological observations suggest that repaired ribbons are not the same as undamaged ribbons, but more studies are needed to identify potential changes in synaptic protein composition and structure after synapses are reestablished.
Although subject to much speculation, the extent to and manner by which noiseinduced synaptopathy impacts signal processing in noisy backgrounds remains to be clarified.
Deficits in noise have been proposed on the basis of the following two facts. First, ANF spontaneous rate is inversely related to both threshold and dynamic range (Costalupes, 1985; Liberman, 1978; Young and Barta, 1986) , and low SR/high-threshold units with a larger dynamic range are thought to be critical for hearing in noisy backgrounds, where high-SR units are saturated (Costalupes, 1985; Eggermont, 2015; Heil and Peterson, 2015; Plack et al., 2014; Young and Barta, 1986) . Second, synapses innervating low-SR ANF units appear to be more sensitive to noise damage (Furman, et al., 2013; Song, et al., 2016) . Therefore, it is logical to predict that noise-induced synaptopathy may lead to coding deficits in noisy-environments (Liberman, 2015; Oxenham, 2016; Plack, et al., 2014) . However, this deficit remain speculative.
Using a guinea pig model, we have found that the SR distribution of ANFs recovers quickly (one week) after the noise exposure, coinciding with the recovery of the synapse count [6] , while the other study (also in guinea pig) reported significant loss of the low-SR ANFs 2 weeks after the noise exposure [8] . The reason for the discrepancy in the loss of low-SR units between the two studies is not clear. More importantly, neither of the two single unit studies of noise-induced synaptopathy available to date (Furman, et al., 2013; Song, et al., 2016) , have investigated coding-in-noise deficits. Therefore, the existence of a coding deficit in noise remains to be established. Even if such a deficit is found, it might not be due to a simple loss of synapses innervating low-SR ANFs, but rather to the subsequent unhealthy repair of the synapses.
In a recent report, hearing-in-noise performance was evaluated in rats using a preinhibition to startle response paradigm (Lobarinas, et al., 2017) . Exposures to octave band noises (8-16 kHz) at 106 and 109 dB SPL for 2hrs were used to induce synaptopathy with synaptic damage quantified via reductions in ABR wave I amplitude. PTS was not seen after exposure to the noise at either intensity, but a larger TTS (mean shift > 30 dB from 16-32 kHz)
was observed in the group exposed to the 109 dB SPL noise. The startle response was initiated by an airpuff. A narrowband burst of noise was presented in a background noise as the preinhibitor. Less pre-inhibition was seen in subjects two weeks after the noise exposure when compared to controls, suggesting hearing deficits in noise. This result is the first confirmation of hearing-in-noise deficits resulting from a single non-PTS-inducing noise exposure. However, noise-induced damage to ribbon synapses was not documented in the study. It is also notable that the hearing-in-noise deficit was seen only in the rats that were exposed to the noise at 109 dB SPL, but not at 106 dB SPL. Although the quantitative difference may exist across different species of rodents (and different strains of mice), the noise exposure at 106 dB SPL for 2 hours could possibly result in significant synaptopathy in the cochlea of the rats. Furthermore, the interpretation of the data is limited by the nature of the methodology. Firstly, the pre-pulse inhibition of the startle responses involves the central auditory system, which may compensate for changes in cochlear function related to synaptopathy. Secondly, the signal-to-noise ratio between the pre-pulse and the masker must be at least 20 dB in order to show clear inhibition by the pre-pulse to the startle response. Therefore, the difference in the masking effect was examined at this signal-to-noise ratio, which is much higher than that used for detecting hearing-in-noise deficits, such as the test of speech perception in noise, which is often tested in a signal to noise ratio between 0 and 10 dB (Best et al., 2018; Billings et al., 2017; Billings and Madsen, 2018; Maamor and Billings, 2017; Yeend et al., 2018) .
We currently lack human data investigating perception in noise following similar noise exposures. A significant challenge in human studies is to obtain correct and reliable estimates of noise exposure. A recent report examined speech perception in noise (within a battery of other tests) in 122 middle-age subjects (30-57 years old) and found no clear link between noise exposure and the performance (Yeend et al., 2017) . However, estimates of noise exposure were based exclusively on self-report measures. Negative results were similarly found in a study examining 148 young adults (Prendergast, et al., 2017) . Again, a reliance on self-reported noise exposure made it difficult to interpret the data.
Examining coding-in-noise deficits by amplitude modulation
Signals with amplitude modulation are often used to evaluate signal processing in the auditory system. When recorded in the far field (e.g., clinically) they are typically called auditory steady-state responses (ASSRs) or envelope following responses (EFRs). Amplitude-modulated (AM) tones presented at higher intensities theoretically challenge ANFs with high-SR, lowthresholds and narrow dynamic ranges, since modulations may occur across levels at which the spike rate-sound level functions of the ANFs are saturated. This is illustrated in Figure 3 responses tested at high sound levels should be significantly attenuated. Low-SR fibers are also thought to be more important for signal encoding in high levels background noise (Joris and Yin, 1992; Kobel, et al., 2017; Liberman and Kujawa, 2017; Moser and Starr, 2016; Plack, et al., 2016) , because they are robust with respect to masking (Costalupes, 1985; Young and Barta, 1986) .
Therefore, AM responses should be be better equipped to detect coding deficits in noise than transient responses [88] such as ABR and CAP that are dominated by the onset responses from high-SR fibers (Bourien, et al., 2014) . This inference is supported by a study which found a more robust decrease in EFR phase-locking than ABR wave I amplitude in CBA mice with cochlear synaptopathy (established by an octave-band noise (8-16 kHz) exposure at 98-99 dB SPL for 2hrs (Shaheen et al., 2015) ).
Although far-field recording is less invasive and therefore more acceptable in clinics, EFRs recorded from the scalp may be obscured by functional changes in the central auditory system after noise-induced cochlear damage. For example, a significant increase in the scalp-recorded EFR amplitude was seen in chinchillas after a noise exposure that produced a PTS of up to 40 dB across a broad frequency range (Zhong et al., 2014) . In this study, EFRs were recorded to AM signals with carriers at 2, 4, and 8 kHz, and a modulation frequency (MF) of 140 Hz, presented at 30 dB SL. An increase in central gain was proposed as a possible reason for the enhancement.
While this study was done in subjects with PTS, an increase in central gain has also been reported in cases of synaptopathy without PTS (Lai et al., 2017) . Aged rats in this study showed enhanced EFR to AM signals when compared to younger individuals with matched ABR wave I amplitudes (Lai, et al., 2017) , suggesting increased central gain (Lai, et al., 2017) . However, the underlying physiological changes in the aged mice may not be directly comparable to changes occurring in the synaptopathy model induced by a single brief noise exposure.
Before using far-field EFR in the detection of coding-in-noise deficits in the clinic, two questions need to be resolved. The first question is whether synaptopathy caused by such noise exposures can impair signal processing in noisy backgrounds. This should be verified with a reliable test, such as the AM evoked compound action potential (CAP) recorded from round window electrodes. In a recent experiment (to be published), we examined AM CAP and scalp EFR in guinea pigs and mice that were exposed to a brief noise exposure (as previously used), which caused a significant synaptopathy (~10% synapse loss at 8-32 kHz region, one month after the noise). AM responses were tested with 16-20 kHz tone carriers presented at 80 dB SPL , and modulated with various modulation frequencies (103, 383, 583, 783, 996, and 1283 Hz). A significant reduction in AM response amplitude was seen in the CAP but not in the EFR, suggesting interference from changes in central gain. More importantly, the difference in the masking effect between control and noise-exposed subjects was not robust when tested with the CAP, and not significant at all in the EFR.
Several things may account for the negative result in the AM responses. Firstly, noise damage to synapses may not be as selective as originally expected. This is supported by findings showing a recovery of SR unit distribution after noise exposure (Song, et al., 2016) . The initial loss of synapses has been reported to be as high as 40-50% in the high frequency region (Kujawa and Liberman, 2009; Liu, et al., 2012; Shi, et al., 2013; Song, et al., 2016) , suggesting that the loss is not limited to low-SR units, which make up only a small portion of ANFs. Secondly, background noise may change the working range of ANFs. It has long been recognized that the high-SR ANFs can be pushed to work in higher sound levels in the presence of background noise (Abbas, 1981; Costalupes et al., 1984; Rhode et al., 1978) . Therefore, high-SR ANFs may also participate in coding signals in noise. It is also possible that the AM response is not a sensitive measure of the deficit, or that the parameters used in this study need to be optimized.
Nevertheless, the sensitivity of the scalp responses to AM in human subjects for detecting the potential coding-in-noise deficits in cochleae is further reduced considering the signal attenuation due to the large head size. In any case, further study is needed to confirm the existence of the coding-in-noise deficit thought to be associated with noise-induced synaptopathy. Alternatively, AM response may not be sensitive enough for detecting the deficit.
TENTATIVE CONCLUSION AND FUTURE DIRECTION
In animal models, synaptopathy has been identified as a locus of noise-induced cochlear damage. Unlike OHC damage, which tends to produce threshold shifts, noise-induced synaptopathy can likely occur without impacting thresholds. The initial damage is biased towards (but not limited to) synapses with low-SR ANFs. However, in guinea pigs and some strains of mice there is evidence that the SR distribution recovers shortly thereafter, accompanied by a partial recovery of synapse counts. The possibility of synaptic regeneration following initial disruption has been supported by several lines of evidence, but its universality needs to be verified by more research. Coding deficits associated with synaptic damage have been observed in some aspects of neural responses related to both temporal coding and intensity coding. However the present results provide only weak evidence for coding-in-noise deficits. Further studies are needed to verify these deficits at the single unit level in neural responses and to explore potential mechanisms for unhealthy synapse repair. In the absence of such verification, caution is warranted. Various objective measures have been investigated for their ability to detect functional changes in noise-induced synaptopathy (Kobel, et al., 2017; Liberman and Kujawa, 2017; Plack, et al., 2016) . However, more studies are required to identify reliable objective far-field tests that can be translated into clinical application. While
EFRs to AM signals have been suggested as a promising measure, they may not be sufficiently sensitive to small amounts of synaptic loss. Therefore, the modulation is likely not detected by those ANFs.
Noise-destroyed cochlear synapses can be partially re-generated. The re-generated and survived synapses are unhealthy. Coding deficits in noise remain to be confirmed.
